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Abstract

Since their discovery in the early 1970’s, a-sialon materials have undergone
considerable development. However, until the 1990’s, studies of Ca-stabilised a-sialons
were limited. The discovery of anisotropic Ca o-sialon grain growth has raised
considerable interest in the possibility of developing high hardness, Ca o-sialon
materials that exhibit the gcod fracture toughness and reliability propertiés often
associated with elongate¢ grain morphologies. Liftle is presently known about
anisotropic a-sialon grain growth in the Ca-Si-Al-Q-N system. Thus, this study seeks to
develop a better knowledge of the factors that can promote and control anisotropic Ca o-

sialon grain growth under pressureless sintering conditions.

Three Ca-Si-Al-O-N compositions adjacent to the «o-sialon forming region were
examined at temperatures ranging from 1400°C to 1800°C. Some intermediate phases
were detected over the compositional range investigated. The behaviour of the
intermediate phases was found to be critical to the densification kinetics during
pressureless sintering, All three compositions attained >99% of maximum density after 4
hours at 1700°C and/or 1800°C. a-Sialon was observed with an elongated morphology
in all three compositions. The three compositions also contained varying proportions of
AIN/AIN-polytypoid phases and intergranular glass phase. Fracture toughness and R-
curve analyses determine¢ that the elongated o-sialon grains improved the fracture

toughness of some of the densified materials.

The phase assemblages and grain morphologies of Ca and Al-rich Ca-Si-Al-O-N
compositions were investigated by examining eight previously unstudied, high m and n-
value, Ca-Si-Al-O-N compositions. These samples contained significant amounts of
AIN/AIN-polytypoid phases and intergranular glass. Aliv was observed with equiaxed
grain morphologies. The AIN-polytypoid phases displayed large plate morphologies. Ca
a-Sialon was observed with an elongated morphology in the seven samples that
contained the phase. Fracture surfaces of samples dominaicd by AIN/AIN-polytypoid

phases and glass phase presented few features indicative of microstructural toughening

viii




mechanisms. Small nano-precipitates observed in some AIN grains during TEM analysis

were determined to originate in the AIN starting powder.

The effects of varying processing parameters o2 the densification and microstructural
development of Ca-Si-Al-O-N compositions were investigated. An examination of
different isothermal hold times found that basic reactions to form a-sialon completed at
1550°C. a-Sialon grain growth at this temperature was minimal. Buth grain growth and
densification were found to proceed rapidly at 1800°C. The iniergranular liquid phase
was believed to be an important factor in anisotropic a-sialon grain growth, An
investigation into substituting B-Si;N4 powder in place of o.-8i3N,; powder in Ca-Si-Al-
0O-N compositions found little effect when half of the o-Si;N; was replaced with p-
SisNs. The complete substitution of o-Si;N; with p-SiaNy was found to significantly
hinder densification. It also promoted o-sialon grain growth at low temperatures. This
was determined to be a resuit of the a-sialon nucleation mechanism, and the higher
thermodynamic stability of B-SiNg over o-SijN; at elevated temperatures. An
investigation into furnace heating rates found tha' in low m-value samples, slow heating
rates could suppress anisotropic a-sialon grain growth. It was determined that this was

telated to the kinetics of a-s1alon nucleation and growth.

ix
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Introduction
.'
The use of ceramic materials in society has it foundations in the world’s eariest =
civilisations. Today, ceramic materials have an essential role in the successfut operation K
of a wide range of industries (Kingery et al. 1976). These industries span a diverse range X %

of fields, from mining and mineral processing, through to the electronic, optical and
medical fields.

For much of their history, ceramic materials have been based upon the silicates.
However, the more recent need for a range of materials that possess better properties
than traditional silicate ceramics has led to the development of new, or advanced,
ceramic raaterials, that exhibit unique or outstanding properties. Among the advanced
ceramics, silicon nitride (SizNg¢) and its related solid solutions, the sialons, have shown
. great promise. The superior thermal and mechanical properties of this family of
materials make them ideal for use at elevated temperatures in a vartety of applications.
. The work presented in this thesis concemns the study of one particular sialon system,
. namely the Ca-Si-Al-O-N system.

Silicon nitride has undergone development as an engineering material since the 1950’s
(Jack 1987). The highly covalent nature of the bonding in silicon nitride makes
densification of the material difficult. This was overcome in the 1960°s when SizN4
powder was hot-pressed with an oxide additive (Decley et al. 1961). The additive reacts
with the silica layer present on SisN,; powder to form a liquid phase that facilitates
densification. The resultant material possesses improved strength. However, the retained

amorphous intergranular phase is deleterious to high temperature properties.

In the early 1970’s, researchers in Japan and England independently discovered that h

aluminium and oxygen could form a solid solution in SisNs (Oyama and Kamigaito
1971; Jack and Wilson 1972). The phases in this new Si-Al-O-N system were termed

sialons, an acronym based on the four elemental constituents. The development of
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sialons held great promise. Like Si3N;, sialons requirc a liquid phase to attain full
density. However, unlike Si3Ny, the potential exists to incorporate some or all of the

transient liquid phase into the crystalline sialon structure.

Silicon nitride exists in two different but related structures, o and 8. Both types form
sialons, termed a-sialon (@) and f-sialon (B') respectively. B-Sialon is formed by
simultaneous equivalent substitution of aluminium and oxygen for silicon and nitrogen
respectively in the B-SizNy4 structure, a-Sialon is formed by the simultaneous equivalent
substitution of aluminiumn and oxygen or aluminium and nitrogen for silicon and
nitrogen in the o-Si3Ny structure. The charge imbalance created by the substitution of
Al-N bonds in place of Si-N bonds is compenssted for by the incorporation of metal

cations into interstitial sites that exist within the ot-Si:Ny unit cell.

A range of metal cations have been used to stabilise the «-sialon structure. They include
Li, Mg, Ca, Y, and the rare-earth metals except La, Ce, Pr and Eu. Most research has
concentrated on the Y and rare-earth systems. This has largely been a result of the
refractory grain boundary phases that are formed in these materials, which makes them
well suited to medium and high temperature applications (Eksirom 1996).

[B-Sialon readily forms microstructures exhibiting elongated grain morphologies. This
imparts good fracture toughness and reliability properties to the materials, Contrasting
this, the significantly harder a-sialon typically exhibits equiaxed grains, giving bulk a-
sialon poor fracture toughness. B-Sialon is also processed more easily than o-sialon.
Because of these factors, B-sialon has undergone the most development for commercial
applications. o-Sialon typically finds use only as a minor phase in «-/B-sialon
composites, where the hardness of the a-sialon phase supplements the toughness of the

f3-sialon phase.

Until recently, the Ca-Si-Al-O-N system had experienced only limited development.
This has mostly been a result of the better high temperature properties of other «-sialon
systems. The first rudimentary phase behaviour diagram of the Ca o-sialon plane was
proposed in 1983 (Jack 1983). It was not until the 1990’s that a detailed account of

phase relationships on the Ca a-sialon plane was established by Hewett and co-workers
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(Hewett et al. 1998a). Now, as the many atiractive characteristics of Ca o-sialon are

becoming better understood, interest in the Ca-Si-Al-O-N system is increasing.

The calcium required in Ca-Si-Al-O-N compositions can be sourced from calcium
carbonate (CaCO3), a cheap and abundant mineral. This makes Ca a-sialon significantly
cheaper to produce ilian a-sialons that require expensive yttrium and rare-earth oxides as
additives. Calcium has the highest observed solubility in the ¢t-sialon lattice, which can
greatly assist in reducing volumes of intergranular phase in densified materials (Jack
1983). Ca a-sialon is found to be more thermally stable than Y and rare-earth o-sialons,
undergoing little a'—>p' transformation at temperatures between 1106°C and 1500°C
(Hewett et al. 1998b; Seeber and Cheng 1998). The low-temperature CaQ-Al;05-Si0;
eutectic formed in Ca-Si-Al-O-N compositions means that these materials can be
densified at lower temperatures than their Y and rare-earth counterparts (van Ruiten et
al. 1995). The low temperature eutectic also has negative implications, as softening of
the intergranular glass phase occurs at a relatively low temperature, limiting the use of

the material at high temperatures.

In addition to this range of attractive properties, Ca c~sialon is notable for its ability to
display anisotropic grain growth during sintering. This phenomenon was first observed
in hot-pressed samples by Wang et al. (1996b). Subsequent work has shown that
elongated Ca a-sialon grains readily develop during the pressureless sintering of some
Ca-Si-Al-O-N compositions (Hewett et al. 1998a; Zhao et al. 1998). This is an ¢xciting
development in o.-sialon research, as there clearly exists the potential to create high
hardness, monolithic, Ca ¢-sialon materials that possess the good fracture toughness and

reliability normally associated with B-Si;N, and B-sialons.

At present, little is known about the development of elongated microstructures in Ca-Si-
Al-O-N materials. A comprehensive investigation of the many facets of elongated grain
growth in these materials is yet to be undertaken. The range of Ca-S8i-Al-O-N
compositions that develop elongated grains has not yet been established, and there is a
lack of knowledge concerning factors that influence anisotropic grain growth. To fully
exploit the potential benefits of this phenomenon, this knowledge is required.

Consequently, a comprehensive study of these areas is warranted.

I,
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The purpose of the present investigation was to study anisotropic grain growth in
pressureless sintered Ca-S8i-Al-O-N compositions. By doing this, a better understanding
of Ca a-sialon could be obtained, thus allowing it to be further developed into a useful
structural material. The investigation examined a range of compositional and processing
parameters to establish their effect on the development of Ca o-stalon materials. The

structure of the study presented in this thesis is as follows:

Chapter 2 comprises a literature review that provides a background to the areas of work
relevant to this investigation. Included is a more complete history of the development of
silicon nitride and the sialons, and an introduction to the graphical representations of the
phases in the Me-Si-Al-O-N system and the o-sialon plane. A background to the
microstructural toughening of ceramics is outlined, and a review of grain growth in

silicon nitride based ceramics is presented.

Chapter 3 outlines the experimental procedures relevant to the work undertaken. The
techniques and parameters used in the preparation of compositions, the formation of
green bodies and their subsequent sintering are fully described. Techniques and
equipment operational parameters relevant to the characterisation of samples are also

outlined.

Chapter 4 details an investigation into the reaction sequences, densification behaviour
and microstructural development of three Ca-Si-Al-O-N compositions. Density
measurements, Xx-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and energy dispersive x-ray spectroscopy
(EDXS) are used to characterise samples pressureless sintered over a range of
temperatures. Fracture behaviour of densified samples is analysed using SEM and R-

curve analysis techniques.

Chapter 5 consists of an investigation inte eight previously unstudied, high m and n-
value Ca-Si-Al-QO-N compositions. Crystalline phase assemblages of the densified
samples are determined by XRD. This phase information is combined with data from
Hewett et al. (1998a) to create a refined version of the phase behaviour diagram of the

Ca o-sialon plane previously published by them. SEM is utilised to examine the

_——
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microstructures of the densified materials. Fracture surfaces of the eight samples are also
examined by SEM. Finally, some interesting features observed in the AIN phase of a
high m-value Ca-Si-Al-O-N sample are investigated using TEM.

_—

| Chapter 6 examines the effects on densification, and phase and microstructural _
development, of changing a range of compositional and processing parameters for ?
several Ca-Si-Al-O-N compositions. The effects of using different firing schedules and
compositional variations are investigated. Materials produced are characterised by
r, density measurements, XRD and SEM.

T o TS

; - Chapter 7 summarises the major achievements that arose from this study, and suggests a

number of areas that could benefit from future work.
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Literature Review

2.1 Silicon Nitride

Before any understanding of sialon ceramics is possible, an understanding of silicon
nitride (SisNa), the ceramic upon which the sialons are based, is essentiai. A brief history

of silicon nitrnide development will now be presented.

Silicon nitride was first mentioned in 1857 by Deville and Wohler. Its chemical formula
was given as Si;Ns, however it remained a chemical curiosity until the 1950’s, when it
was first developed for use as an engineering material (Jack 1987). It was at this time
that refractories utilising silicon nitride as a bonding phase for silicon carbide and other
materials were developed. At the same time, silicon nitride with good thermal stability
was produced for use as thermocouple tubes, crucibles for molten metals, and rocket
nozzles. This material was formed by the nitridation of silicon powder compacts and was
termed reaction-bonded silicon nitride (RBSN).

Silicon nitride does not melt to form a liquid phase under normal atmospheric pressure,
and it has poor self-diffusivity due to tts highly covalent bonding, even at high
temperatures (Jack 1976). Because of these factors, silicon nitride cannot be sintered to
maximum density by pressureless sintering techniques, such as those employed in the
fabrication of RBSN. Consequently, the high level of porosity and low strength of
RBSN was a major obstacle to its use in engineering applications (Hampshire 1991).
This problem was overcome by Deeley et al. (1961) by hot-pressing previously formed
silicon nitride powder with a magnesium oxide sintering additive, forming a fully dense
material called hot-pressed silicon nitride (HPSN). Densification was enhanced by
reaction of the oxide additive with the silica layer that is always present on the surface of
silicon nitride powders. This produces a liquid phase at high temperatures, and
densification is promoted by liquid phase sintering. The resultant material possesses

improved strength, however strength degradation and creep problems occur above

‘ﬁ
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: 1000°C due to softening of the intergranular glass phase (Komeya and Matsui 1991).
This problem can be overcome by the use of post-siniering heat treatments, which

devitrify the intergranular glass phase.

The first evidence for the existence of two forms of silicon nitride was obtained by
Vassiliou and Wilde (1957). They reported a "Type II" silicon nitride with a hexagonal
crystal structure, in addition to an (incorrectly designated) orthorhombic "Type I".
Turkdogan et al. (1958) found that X-ray diffraction pattemns of silicon nitrides formed at
different temperatures did not look alike, with some peaks disappearing at higher
nitriding temperatures. Their work clearly established the existence of two
crystallographic modifications of silicon nitride. The higher temperature phase was
designated 8, and the lower temperature phase o Both had the same chemical
composition, SisN,. Following many earlier misinterpretations, Hardie and Jack (1957)
showed that both the a and B forms observed by Turkdogan et al. had a hexagonal
crystal structure. The essential difference between the .two is that the ¢ dimension of the

o unit cell is approximately twice that of the B unit cell.

A complete structural determination assigns P-SizN4 hexagonal symmetry, with space

" aroup P63/m (Wang et al. 1996a). Each $-Si;N; unit cell contains two SizNy4 units. Its
structure is based on the phenacite type, Be2Si0,, with N atoms occupying O sites and Si
atoms occupying Be sites (Hardie and Jack 1957). Bonding is such that a framework of
slightly distorted SiN4 telrahedra‘ are formed, joined at N corners, with each N atom
being shared between threc tetrahedra. The tetrahedra are arranged such that they form
distorted rings of alternating Si and N atoms, which lie at fractional heights of z = 0.25
and 0.75. This is shown in Figure 2.1(a). This structure can be regarded as consisting of
layers of silicon and nitrogen atoms that give B-SizNy a stacking sequence ABAB. This
creates continucus tunnels that lie parallel to the c-axis of the unit cell (Ekstrém and
Nygren 1992) (Figure 2.1(c)).

The o-SisNy structure was assigned the space group P31c by Hardie and Jack (1957).
The o-SisNj structure differs to the ABAB stacking sequence of 3-SizNy, in that it has a
stacking sequence ABCDABCD. The CD layer is similar to the AB layer, except it is
rotated 180° about the c-axis, as shown in Figure 2.1(b). This results in the closing off of
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e T

r the continuous channels of the B-Si3N, structure, and instead, two large interstices are

located in each unit cell (Figure 2.1(d)). Each o-Si3N, unit cell contains four Si;N, units.
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Figure 2.1. (a) The AB layers of the B-SisN4 crystal structure, (b} the ABCD layers
of the a-Si3Ny crystal structure, (¢) structure of ABAB stacking in 3-SisNy, (d)
structure of ABCD stacking in o-Si3N4 (Hampshire et al. 1978).

It is commonly held that a-Si;Ny is a low temperature modification, and p-SisN, is a
high temperature modification, though thermodynamic data has not been sufficient to
make an accurate decision on this (Cac and Metselaar 1991). Since the reverse f—o
transformation has never been observed, it is assumed that p-SisNy is stable over all

temperatures, whereas «-SizNy is formed only under special conditions, such as during




Chapter 2
Literature Review

the nitridation of silicon. The higher stability of B-Si3Ns would also be reasonable given
the higher strain of the «-Si;N; structure (Cao and Metselaar 1991). The a—f
transformation that does take place is a reconstructive transformation. A solution-
reprecipitation mechanism is suggested, whereby a-Si;N4 dissolves into a liquid phase
and B-Si3N, precipitates out of the liquid. The transformation commences at about
1400°C and completes close to 1800°C, only in the presence of a liquid phase (Cao and
Metselaar 1991). Without a liquid phase, «-SisNy can be stable to over 2000°C
(Suematsu et al. 1997). Considerable controversy has surrounded an idea that a-SisNy is
actually an oxynitride, with small amounts of oxygen substituting for nitrogen (Wang et
al. 1996a). Though it is accepted that a small amount of oxygen can substitute into the
- a-Si3Ny structure, there is still no firm conclusion regarding the role of oxygen in o-
Si3Na.

Since the early 1950's, the main incentive behind silicon nitride research was the
development of the ceramic gas turbine and the ceramic engine. Early predictions
estimated ceramic engines for automotive use would be in mass production by 1984
(Fack 1987). However, after years of international research and hundreds of millions of
dollars, no commercial ceramic engine has ever entered production. Despite this, silicon
nitride has remained one of th: most attractive engineering ceramics for high
temperature use. This has been a result of the excellent combination of properties that
siticon nitride displays. These include high strength, wear resistance, high
decomposition temperature, oxidation resistance, therma! shock resistance, low
coefficient of friction, resistance to corrosive environments, and a high modulus to
density ratio (Jack 1976). B-SisN, also often exhibits an intrinsic needie-like grain
morphology, which can impart good fracture toughness to the material. Today, the main
applications for silicon nitride ceramics are as cutting tool inserts, w=ar parts and metal

processing components (Jack 2000).
2.2 The Si-Al-O-N System
The term “sialon” is an acronym for phases in the Si-Al-O-N and related systems.

Hampshire (1991) describes how the existence of sialons was predicted in the late

1960°s by Wild et al., when it was reported that a-SisNs was a defect structure in which

_——
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about 1 in 30 nitrogen atoms was replaced by oxygen. It was proposed that mere oxygen
could replace nitrogen if simultaneously, aluminium replaced silicon in order to maintain
charge balance. The search for a new range of oxynitride materials led to sialons being
discovered independently in Japan (Oyama and Kamigaito 1971) and England (Jack and
Wilson 1972) in the early 1970s.

The tWo most significant sialon phases are a-sialon (o) and B-sialon (B"). These phases
are isostructural with a-Si3N, and $-Si;N; respectively. Sialons are solid solutions of
their corresponding parent phases, and consequently, many physical and mechanical
properties are shared between the parent phase and its respective solid solution.
Simijlarities also exist in the processing routes used to form silicon nitride and sialons.
Like silicon nitride, sialons require sintering aids if full density is to be attained by
pressureless sintering. The sintering aids evolve large volumes of liquid phase during
sintering. However, unlike for SizNs, some of the liquid can be incorporated into the
sialon structure after densification is complete (Ekstrém and Nygren 1992). This can
substantially reduce the quantity of residual intergranular glass phase, and improvements
in properties may result (Hampshire 1991). Additionally, post-sintering heat treatments
may be used to devitrify the glass and improve properties such as strength and creep
resistance at high temperatures (Jack 1987).

2.2.1 B-Sialon

pB-Sialon is a B-Si;N, solid solution formed by the simultaneous equivalent substitution

of silicon and nitrogen by aluminium and oxygen. It is described by the formula:
Sig..ALLO,Ns.; (Equation 2.1)

where z lies between zero and 4.2 (Jack 1976). This formula shows the two SizN; units

that make up a B-sialon unit cell,

B-Sialon, along with other phases that will be discussed further on, is found in the part of
the Si-Al-O-N system with stable valency states, namely the quasi-ternary Si;Ny-SiO;-
AIN-ALO; system (Ekstrdm and Nygren 1992). A behaviour diagram of this system,

10
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shown in Figure 2.2, is best represented as a reciprocal salt system, where concentrations
are expressed as equivaients. This means any point on the behaviour diagram represents
an equal number of anion and cation charges, with 12 positive and 12 negative valencics
being represented in this case (Jack 1976). Consequently, all phases or mixtures of
phases in which the combining elements Si**, AP*, O* and N* have their normal
valencies lie within this diagram. Figure 2.2 is only an idealised behaviour diagram, and
thus it does not necessarily represent true thermodynamic equilibrium (Jack 1976). The
B' phase field is a line that extends along the join SisNj - "/3(AL;0;.AIN), and gives a
constant metal to non-metal ratio, M/X equal to 3/4. The range of homogeneity with
M/X unequal to 3/4 is quite limited (Jack 1976).

6a{3A),05.25i0,)

Figure 2.2. The Si-Al-O-N behaviour diagram at 1800°C (Jack 1987).

B-Sialon is the most extensively developed material in the Si-Al-O-N system (Jack 1987;
Cao and Metselaar 1991). Much of the reason for this is the relative case with which B-
sialon can be processed. Commercial production of B-sialon utilises small quantities of
oxide sintering additives in powder mixtures to enhance densification during
pressureless sintering (Hampshire 1991). The oxide addjtives produce more low
viscosity liquid than is formed solely from silicon nitride and its surface silica under
similar conditions. Some of the liquid evolved during sintering can be incorporated into

the P-sialon structure following densification, resulting in a reduction of residual

11
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intergranular glass phase (Jack 1976). Yitria (Y;0s) is a commonly used additive as
post-sintering heat treatments allow grain boundary glass and B-sialon grains to react,

resulting in the crystallisation of the grain buundary phase and a concurrent

improvement in high temperature mechanical properties (Jack 1987).

Because of their similar atomic arrangements, B-sialon and P-SisNg share similar

.r-_l‘n:z.-.-i’.an_'-ea-b}!i-,-‘.::.lu by i

physical and mechanical properties, such as high strength and a low coefficient of
thermal expansion., However, chemically, B-sialon exhibits many characteristics of
a 1 (Al;0s) (Jack 1987). /s {-sialon is a solid solution, it has a lower vapour
pressure than [-SizNs. This reduces volatilisation and decomposition at high
temperatures, and hence $-sialon tends to be more thermodynamically stable than p-
SizN; (Jack 1987). B-Sialon is more oxidation resistant than B-Si;N,; at elevated
temperatares {Jack 1976). Furthermore, pressureless sintered B-sialons prepared with
sintering aids can produce grains with an acicular, or elongated, morphology that
enhance the fre cture toughress of the material (Ekstrdm and Nygren 1992).

2.2.2 a-Sialon

The first reporting of a-sialon was by Jack and Wilson (1972) when they react=d lithium
silicon nitride (LiSi;N3) with alumina, and obtained an «-Si;Ny structure with a unit cell
volume about 3% greater than that of a-SisN.. In this and subsequent work, other phases
were always present, and the product never contained more than about 30% of the o-
sialon phase. The first pure a-sialons were prepared by Hampshire et al. (1978) from
Si;Ng-AIN-M, O, mixtures, where M was Li, Caor Y.

Like B-sialon, o-sialon is a solid solution based on SisNj. It is isostructural with the a-
SisN, structure. Of most interest is the Me-Si-Ai-O-N quinary system, where o-sialon is
stabilised by added Me ions which may be Li*, Mg?*, Ca?*, Y**, and most of the rare-
earth metals (Ekstrém and Nygren 1992).
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The w-sialon unit cell comprises of four Si;N; units and is described by the general
foimenla:

Me,Sii2-mn)Alam+a)OnNi6n (Equation 2.2)

fo 2 metal jon Me", where x = m" ~:d is <2. In contrast to the purely substitutional
soiubility in B-Sisly, the «-SizN; structure has two interstitial sites per unit celi that can
be wwcupied by cations (Cao and Metselaar 1991). Consequently, two substitution
icchanisms may act. The first, similar to that of B-sialon, involves n(Si-N) being
replacixd by 8{Al-0). The second mechanism is further replacement of mSi** by mal,
with the simulianeous incorporation of xMe"" into the a-phase interstitial sites to
maintain charge balance. It can be seen that chemically, B-sialon is in fact an o-sialon

witlt g0 ma-value equal to zero.

Stabilising cations are generally added to compositions as oxides, and it is found that the
upper limit of gation solubility in the a-sialon structure decreases with increasing ionic
radius (Cao ancd Metselaar 1991). As there are two interstitial sites per unit cell, a
maximum of two cations per unit cell may be accommodated. There also exists a
minimum value for the x-parameter of 0.3 to 0.5, indicating an immiscibility gap
between o-Si3Ny and a-sialon phases (Mandal 1999). The highest solubility reported has
been 1.83 Ca®* per unit cell in Ca a-sialon (Jack 1983), and 1.5 Li" in Li o-sialon
(Kuang et al, 1990). The rare-carth stabilised a-sialons have a much lower solubility
limit, the lowest occurring with ~0.6 Na@** in a Nd a-sialon. Until recently, it was
believed *hat Nd>* (r = 0.99A) was the largest cation able to enter the a-sialon structure
gy its own. However, work by Maundal and Thompson (1996) has shown that Ce™ &=
1.034) can enter the a-sialon structure on its own. Cations as large as La*" (r = 1.064)
and SP** (r = 1.26A) have also been observed to enter the a-sialon structure when

combined with Ca®* or Yb** in multi-cation compositions (Mandal 1999).

The addition of 2 fifth component to the SizN,-Si0;-AIN-AlO3; behavior diagram,
shown in Figure 2.2, means that the system can no longer be represented
diagrammatically in two dimensions. This is overcome by representing the system as a

three dimensional Jinecke prism. The concentrations of all components are expressed in
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equivalence units, so any point in the prism represents a combination of 12 positive and ﬁ 1
12 negative valencies (Hampshire 1991). The basz of the prism is the familiar SisNy- : :3
§$i0,-AIN-Al,0; diagram, with the cation addition extending the diagram into the third '%
dimension. The two triangular faces of the prism represent pure oxide and pure nitride :;
ternary systems respectively.

Relative to §-sialon, the nunker of phase equilibrium studies over the range of o-sialon
systems has been limited. The Y-Si-Al-O-N system has been the most extensively
studied system to date (Can and Metselaar 1991). A schematic of the Y-Si-Al-O-N

Janecke prism is shown in Figure 2.3.

2Y,0,

4YN

Y205 SigNg _J . \ YN-3AIN

4AIN

- a-sialon
32 SizNzO $i3N 4 p-sialon

Figure 2.3. Schematic of the Y-Si-Al-O-N Jinecke prism (Hampshire 1991).

At anv point within the prism, a number of phases, usually but not always four, will
coexist (Sun et al. 1995). The region in which a pasticular combination of phases
coexists is called & compatibility tetrahedron. Often, one of the phases in a compatibility
setrahedron is not crystalline, but rather is a liquid at sintering temperatures, which forms

a glass upon cooling.

As phase relationships in the Me-Si-Al-O-N system are very complicaied, it is often
easier to deal with triangular planes that slice through the Janecke prism. Phase regions
on the plane are then described as two-dimensional compatibility triangles. In the Me-Si-

Al-O-N Janecke prism, the a-sialon phase region has a two-dimensional extension in the
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plane with comners at Si;N, “/3(A1,05.AIN), and MeN.3AIN (for a trivalent cation Me*")
or '/2(MesN3).3AIN (for a divalent cation Me?"). The metal to non-metal atomic ratio
((Si + A/(O + N)) on this plane is always 3:4. The B-sialon solid-solution line runs
along the SizNs - “/3(A1,05.AIN) side of this triangular plane. Additionally, a two-
dimensional monophase o-sialon region is formed along the join SisNg - MeN.3AIN. It
is found that the size of the a-sialon forming region is dependent on cation size, with
larger cations decreasing the size of the field (Cao and Metselaar 1991). A phase

behavior diagram of the Y w-sialon plane is shown in Figure 2.4.

n-value
S G}B'-tzﬂ*L ——— 473 [Aly0 42 AIN)

YN:IALN

Figure 2.4. Phase relations on the ytirium o-sialon plane at 1756°C (Slasor and
Thompson 1987).

The m and n values expressed in Equation 2.2 describe co-ordinates along two sides of
the a-sialon plane. The m-value describes co-ordinates along the Si3sNg - MeN.3AIN
edge, and the n-value describes the Si3N; - */3(A1;0;.AIN) edge. Values range from zero
for SizNj, to 12 at the other corners, Thus, any composition that lies on the a-sialon plane
can be defined entirely by its m and n value. An additional value, called the k-value, is
defined as k = (Si + Al) / (O + N). On the g-sialon plane, k is always 0.75, while
compositions that lie above or below the plane have lower or higher k-values
respectively. This provides a means of describing any Me-Si-Al-O-N composition

within the Janecke prism by its m, n and k values,
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In theory, it is possible for densified a-sialon compositions to have =0 residual
intergranular glass pi.ase, as the liquid can be incorporated into the c-sialon structure. In
practice, the complete formation and densification of a-sialons is more difficult than for
B-stalons, as the high nitrogen content produces an oxynitride liquid with a high
viscosity (Hampshire 1991). Densification is further hindered as the liguid phase is

consumed by the formation of a-sialon, until at equilibrium, ruch of the liquid has been

incorporated into the a-sialon structure (Cao and Metselaar 1991). Almost all a-sialon

microstructures contain some intergranular glass.

An important feature of the a-sialon plane is a compatibility region in which o’ and p’
coexist (Figure 2.4). By varying the composition in this phase field, ceramics can be
formed with a tallored o/p’ ratio (Ekstrdm 1996). This feature is of significant interest,
as it is found that the hardness of the composite increases linearly with increasing o-
sialon content, while strength remains unchanged (Jack 1987). However, this is achieved
at the expense of fracture toughness, which decreases linearly as the o'/(a’+p’) ratio
increases. Therefore, (o+p)-sialon composites can be microstructurally tailored for
specific applications (Ekstrdm and Nygren 1992), whereby the a-sialon phase imparts

hardness to the composite, and the f3-sialon phase imparts toughness.

One of the most attractive properties of «-sialons is their high hardness, which is
exceeded by only a small group of materials that includes silicon carbide, boron carbide
and diamond. Because of its fonger stacking sequence, the unit cell parameter of a-
sialon in the c-direction is approximately double that for B-sialon. This doubles the
Burgers vector of the crystal lattice, impeding dislocation motion and contributing to an
increase in hardness (Lewis et al. 1981). a-Sialon also possesses strength comparable
with p-sialon, good wear and oxidation resistance, and good thermal shock resistance.
Unlike B-sialon, which often features highly acicular grain morphologies, a-sialon has
generally been considered to occur only as equiaxed grains (Ekstrom and Nygren 1992).
Consequently, monolithic o-sialon materials suffer from relatively poor fracture
toughness. This, combined with processing difficulties, has meant that applications for

o-sialon have not been nearly as extensive as for f-sialon. Instead, a-sialon has found

use mainly as a supplementary phase in (cc+f3)-sialon composites.
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As previously mentioned, a-sialon was always considered to occur only with equiaxed
grain morphologies. However, recently a number of groups have achieved growth of a-

sialon grains with an elongated morphology (Wang et al. 1996b; Chen and Rosenflanz
1997; Shen et al. 1997; Xu et al. 1997; Hewett et al. 1998a; Zhao et al. 1998). This is of

great significance, as it offers the potential for forming microstructurally toughened o-
sialons with high hardness, in much the same way as in-situ toughened p-sialons are
formed. To date, elongated o-sialon has been observed in a number of different Me-Si-
Al-O-N systems, most commonly in those utilising rare-earth oxides and pressure
sintering techniques. However, pressureless sintering of Ca «-sialons has also

successfully produced elongated grains (Zhao et al. 1998),

Though it has been encountered a number of times, there is currently no satisfactory
éxplanation as to why o-sialon usually grows as equiaxed grains, but under certain
conditions grows anisotropically. It has been suggested that large quantities of low-
viscosity liquids provide a pathway for rapid diffusion, and room for the growth of
elongated a-sialon crystals without steric hindrance (Shen et al. 1997). Large quantities
of liquid would give the final material great amounts of grain boundary glass, which are
undesirable as the glass can give rise to poor high temperature mechanical properties.
Chen & Rosenflanz (1997) claim that using a P-rich Si3N; powder provides fewer a-
SiaNj nuclei for a-sialon to nucleate on, allowing the unhindered growth of elongated a-
sialon grains. This is analogous to the growth of elongated B-SizN4 from an o-rich
starting powder. However, work by Zhao et al. (1998) has shown the development of
high aspect ratio o-sialon microstructures using a-rich SisNg powders and pressureless

sintering.
2.2.3 O-Sialon
O'-Sialon is an important phase in the Si-Al-O-N system, owing to the potential high

temperature oxidation resistance of silicon oxynitride (Ekstrdm and Nygren 1992).

However, as they are outside the scope of this work, they will only be briefly discussed.
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At 1800°C, there is a limited solubility of aluminium and oxygen in silicon oxynitride
(S51;N;0). Approximately 10 mol.% A}, Qs is soluble in the Si;N,O structure, giving an
O'-sialon solid solution (Jack 1987). O'-sialons are described by the formula: &

Siy.xAlO1+x N2« (Equation 2.3)

where x varies from zero to ~0.2 (Ekstrém and Nygren 1992). The formation of Si;N,O
from powder mixtures at high temperature is very sluggish due to kinetic hindrance. The
addition of ytiria and alumina as sintering aids increases the quantity of liquid phase
evolved at high temperatures, allowing densification by pressureless sintering.
Following densification, some constituents of the liquid phase can be incorporated into
the structure, forming O'-sialon. The small volume of residual intergranular glass left
over is yttria rich, and can be devitrified in a post-sintering heat treatment to give ytirium
disilicate (Y3Si,0).

(-Sialon is reported as having high strength, a low coefficient of thermal expansion,
and good thermal shock resistance (Hampshire 1991). However, it is found that the
combined addition of yttria and alumina has a pronounced negative effect on the high
temperature properties of the material (Ekstrdm and Nygren 1992). O'-Sialon also has
poor fracture toughness, possibly as a result of very strong interfacial bolnding between
O’-sialon grains and the SiO,rich intergranular glass phase, which promotes
transgramtlar crack propagation (Ekstrdm and Nygren 1992). Devitrification of the
intergranular glass via a heat treatment weakens the interfacial bond, and t